A logical place to find these practical insights is within the molecular biology of the Schwann cell cycle. Baserga, Pardee, and others have summarized evidence that proliferation of mammalian cells is regulated primarily during the G0/G1 phases of the cell cycle (Baserga, let-derived growth factor-(PDGF-) free medium, we established two independent conditions that lead to § To whom correspondence should be addressed (e-mail: charles_ stiles@dfci.harvard.edu).
The first question we asked was, which of the three 1991) and peripheral neuropathies secondary to diabe-D-type cyclins best correlates with the Schwann cell tes, cancer chemotherapeutic agents, toxins, and autogrowth response? By culturing Schwann cells in plateimmune disorders (Berger and Schaumburg, 1995) .
let-derived growth factor-(PDGF-) free medium, we established two independent conditions that lead to § To whom correspondence should be addressed (e-mail: charles_ stiles@dfci.harvard.edu).
Schwann cell growth (neuregulin or PDGF ϩ forskolin) expanded and isolated in culture, is dependent upon cyclin D1 (Table 1) . This dependence is seen in response hr for neuregulin and 20-22 hr for PDGF ϩ forskolin, to two independent mitogenic cues (neuregulin and also indicate that neither cyclin D1 nor D2 is specifically required for proliferation and differentiation of Schwann PDGF ϩ forskolin). ation. One week after the surgery, animals were pulsed with bromodeoxyuridine (BrdU) to label cells in the DNA to Schwann cell growth and differentiation in vivo, we examined Schwann cells in the sciatic nerves of mice synthesis phase of the cell cycle. Schwann cells (S100 ϩ ) with BrdU-labeled nuclei within the sciatic nerve distal bearing a targeted disruption of either of the two cyclin genes (Sicinski et al., 1995 (Sicinski et al., , 1996 . Figure 2A shows electo the side of axotomy were identified by immunohistochemistry, as shown in Figure 3A . Quantitative analysis tron micrographs of sciatic nerve cross sections from wild-type and the mutant mice at 10 weeks of age. Quanof such experiments shows a specific and gene dosedependent requirement for cyclin D1 during Wallerian titive analysis of images such as these is summarized in Figure 2B . In both D1 Ϫ/Ϫ and D2 Ϫ/Ϫ mice, large axons degeneration ( Figure 3B ). In contrast to the results seen with cyclin D1 Ϫ/Ϫ mice, regenerative Schwann cell enwrapped by single Schwann cells displayed normal morphology (compaction of the myelin sheath, number growth in cyclin D2 Ϫ/Ϫ mice is comparable to that seen in wild-type animals ( Figure 3B ). of turns around axons of a given size) when compared with nerves from their wild-type littermates. Nonmyelinating Schwann cells (NM-SC), which ensheath multiLoss of Cyclin D1 Does Not Affect the Growth of Embryonic Schwann Cells in Culture ple small axons, also appeared normal in both mutant mice. Basal laminae deposited by Schwann cells were Superficially, the data shown to this point constitute a paradox. Growth of mature Schwann cells from cyclin visible in all cases. Neither cyclin D1 Ϫ/Ϫ nor D2 Ϫ/Ϫ animals show any gross motor or sensory abnormalities D1 Ϫ/Ϫ mice is impaired in culture (Table 1 ) and in animals ( Figure 3 ). Yet, the sciatic nerves in cyclin D1 Ϫ/Ϫ mice (i.e., ankle drop, anesthesia) that would suggest a functional defect in the sciatic nerves. These observations form and function normally (Figure 2 ). This paradox is reconciled by monitoring the mitogenic response of imthat these are Schwann cells rather than stem cells, which can also be isolated from rat sciatic nerve at a mature Schwann cells derived from embryonic DRG. As shown in Table 2 EGTA, 10 g/ml leupeptin, 2 g/ml aprotinin, 1 mM phenylmethylsuland forskolin (2 M). Cells between passages 2 and 4 were used fonyl fluoride, and 0.5 mM sodium orthovanadate). Lysates were in all experiments described in the text.
cleared by centrifugation for 15 min at 14,000 rpm in the cold, and the protein concentration of the supernatants was determined according to manufacturer specifications (Bio-Rad, Hercules, CA). For
Primary Mouse Schwann Cell Culture
Western blot analysis, 50-70 g of Schwann cell lysates were size Mouse Schwann cells were prepared from cyclin D1-or D2-deficient fractionated on 10% SDS-polyacrylamide gels, transferred onto mouse embryo DRG at E12.5 as described previously, with minor polyvinylidene difluoride membrane, and immunoblotted with cyclin modifications (Kim et al., 1997b) . Briefly, DRG collected from a single D1, D2, or D3 antibodies. After incubating with horseradish peroxiembryo were enzymatically dissociated and plated into two wells dase-conjugated secondary antibodies, the protein bands were visof a 6-well culture plate in DMEM with 10% horse serum suppleualized by enhanced chemiluminescence. mented with nerve growth factor (NGF) (50 ng/ml). The genotype of each embryo was determined by PCR using DNA prepared from the embryo head as described (Sicinski et al., 1995) . The next day, Electron Microscopy the DRG culture medium was switched to serum-free defined N2
Mice between 10 and 16 weeks of age were sacrificed by intracarmedium (1:1 ratio of DMEM and F-12, 5 ng/ml Na selenite, 16 g/ diac perfusion with 4% paraformaldehyde and 2% glutaraldehyde ml putrescine, 125 ng/ml progesterone, 0.2 mg/ml transferrin, 0.4 in Tris-buffered saline (TBS), and sciatic nerves were dissected and g/ml insulin, and 2.5 g/ml gentamycine) supplemented with NGF postfixed in 2.5% glutaraldehyde for 24 hr. Nerves were cut into 1 (50 ng/ml). Schwann cells remained in direct contact with neurons mm segments and fixed for 1 hr in 1% OsO 4 in PBS at room temperafor 1 week to allow embryonic Schwann cells to develop into mature ture. After dehydration by an ascending series of alcohol, tissues Schwann cells. Neurons and Schwann cells were then mechanically were washed in propylene oxide for 15 min, then processed in an separated from fibroblasts by lifting up neuron layers from the ascending series of Epon medium in propylene oxide. After 24 hr plates. At this point, cells from the same genotype were pooled, in 100% Epon medium, tissues were embedded for 24 hr at 37ЊC, and Schwann cells were dissociated from neurons by trituration then for 48 hr at 60ЊC. Ultrathin sections (50 nm in thickness) were through narrow bored glass pipettes. Dissociated cells were plated then cut using a Sorvall MT5000 ultra-microtome, and the sections onto poly-L-lysine-coated 60 mm plate in DMEM with 10% FBS at were viewed with a JEOL JEM-100CXII electron microscope. a density of 10 6 cells/plate. The next day, cells were switched to N2 medium supplemented with neuregulin (10 ng/ml) and forskolin (2 Nerve Injury M). Contaminating neurons were removed from the cultures by Nerve Transection omitting NGF from the medium. After 7-10 days, the majority of Mice ‫02ف(‬ g) between 6 and 8 weeks of age were anesthetized with cells (99.5%-99.9%) in the culture were Schwann cells, as distintribromoethanol (125-250 mg/kg IP), and incisions were made in guished by the characteristic morphology and expression of the the upper right thigh to expose the sciatic nerve. The nerve was cut Schwann cell marker S100.
‫5.0ف‬ cm distal to the sciatic notch, and the wound was closed. The mice were allowed to recover from surgery. One week after surgery, animals were injected intraperitoneally with BrdU (50 mg/kg body Schwann Cell Proliferation Assay For rat Schwann cells, quiescent cells were plated onto 96-well weight) prepared in PBS. One hour later, the animals were sacrificed by intracardiac perfusion with 4% paraformaldehyde in TBS (pH culture dishes in DMEM with 10% FBS at a density of 1.5 ϫ 10 4 cells/ well. Two days after plating, the medium was changed to DMEM with 7.4). Both proximal and distal nerves were harvested and postfixed in 4% paraformaldehyde for 2 hr, then infused with 30% sucrose 5% platelet-poor plasma (PPP) containing growth factors. 
